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a  b  s  t  r  a  c  t
The  US  Paciﬁc  Northwest  (PNW)  is characterized  by high  latitude  and  Mediterranean  climate  where
wheat  production  is  predominantly  rain-fed  and often  subject  to low  soil moisture.  As a result,  selection
for  drought-adaptive  traits  in modern  cultivars  has  been  an integral  component  of the  regional  breeding
programs.  The  goal  of this  research  was  to evaluate  phenotypic  associations  of morpho-physiological
traits  and  their  response  to  soil  moisture  variation  in  winter  wheat  germplasm  adapted  to the  PNW.  A
panel  of  402  winter  wheat  accessions  (87 hard  and 315 soft)  was  evaluated  for spectral  reﬂectance  indices
(SRIs),  canopy  temperature  (CT),  plant  stature,  phenology,  grain  yield,  and yield  components  under  rain-
fed and  irrigated  conditions  in 2012–2014.  Variation  in  soil  moisture  and  temperature  cumulatively
explained  86%  of total  yield  variation  across  years  and  locations.  The  phenotypic  associations  of  yield
with  phenology,  plant  height,  and  CT  were  environment  dependent.  Various  SRIs  related  to  biomass,  stay
green,  pigment  composition,  and  hydration  status  showed  consistent  patterns  of response  to  drought
and  strong  correlations  with  yield  (p <  0.001).  The  compensatory  interaction  of  grain  number  and  weight
was  indicated  in  the  negative  correlation  between  thousand  kernel  weight  and  grain  number  per  spike
across  moisture  regimes.  Area  under  vegetation  index  curve  (AUVIC)  explained  53–88% of  the  total  vari-
ation  in stay  green  estimated  from  visual  score  of  ﬂag leaf  senescence  (p < 0.001).  Principal  component
analysis  revealed  three  major  clusters  that  explained  more  than  76%  of  interrelations  among  traits.  The
market  classes  within  the  study  population  showed  differentiation  with  respect  to these  traits.  This  study
highlights  the  potential  use of  spectral  radiometry  in  ﬁeld  screening  of  winter  wheat  for grain  yield  and
drought  adaptation  in  Mediterranean-like  environments.
©  2016  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND. Introduction
Winter wheat production in the US Paciﬁc Northwest (PNW) is
haracterized by high latitude, relatively cool temperature, and a
editerranean-like climate with most annual precipitation occur-
ing in the winter (Mote, 2003). Annual precipitation ranges from
ess than 200 mm to more than 500 mm (Schillinger and Papendick,
008). In addition to soil moisture deﬁcits in semiarid areas, sea-
onal precipitation ﬂuctuation between April and June is a major
onstraint of wheat production in the entire region (Lopez et al.,
003). Soil depth ranges from less than 1 m to over 7 m,  causing
patial heterogeneity in water holding capacity and stress sever-
ty in the region (Shillinger and Papendick, 2008). Direct selection
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ttp://dx.doi.org/10.1016/j.fcr.2016.06.018
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/).license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
for grain yield has been successfully practiced for more than a
century to improve yield across the precipitation zones. However,
the genetic gain from this approach is generally low in the dri-
est farms because of high genotype-environment interaction and
unaccounted spatial heterogeneity (Blum, 2006).
Higher genetic progress in yield can be achieved by selecting
secondary traits other than yield per se.  Grain yield is determined
by number of spikes per area, number of kernels per spike and
kernel weight which are interrelated to each other and inﬂuenced
by morpho-physiological traits such as early vigor, plant stature,
ﬂowering time, and physiological maturity (Alexander et al., 1984;
McNeal et al., 1978; El-Mohsen et al., 2012; Mohammadi et al.,
2012; Wu et al., 2012). The inﬂuence of environment on these sec-
ondary traits is relatively low and predictable resulting in higher
genetic progress compared to yield based selection (Fischer et al.,
2012; Wu et al., 2012). Recent reports suggest that some of the com-
ponent traits are genetically independent suggesting the possibility
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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f combining multiple traits in modern wheat cultivars (Dhungana
t al., 2007).
The compensatory interactions and relative contributions of
rain weight, grain number per spike, and spike number per area
owards overall yield are affected by developmental characteris-
ics and environmental factors (Cutforth et al., 1988; Duguid and
rule-Babel, 1994; Santra et al., 2009). Semi-dwarf stature (shorter
nd stiffer than standard height), early growth vigor, and early
aturity are adaptive features for environments with terminal
eat and drought stresses (Bai et al., 2004; van Ginkel et al., 1998;
organ, 1995; Álvaro et al., 2008; Kirkegaard et al., 2001). On the
ther hand, dwarf stature and long grain-ﬁll duration have yield
dvantage in optimum conditions (Bai et al., 2004; Blum, 1996;
omez et al., 2014). As a result, indirect selection is an analytic
pproach that involves understanding interrelationships among
arious attributes, their yield advantages, and responses to envi-
onmental variation (McNeal et al., 1978; El-Mohsen et al., 2012).
Some physiological attributes contribute to grain yield and yield
omponents like kernel weight by maintaining higher rate and
uration of grain ﬁlling (Duguid and Brule-Babel, 1994). These
hysiological attributes include radiation use and photosynthetic
fﬁciency, transpiration efﬁciency, water availability and reten-
ion capacity, biomass capacity, and assimilate translocation to the
rain (El-Mohsen et al., 2012; Reynolds et al., 2012). However,
irect measurements of these physiological attributes are labor and
esource-intensive which limits their application to characterize
arge sets of germplasm.
Spectral radiometry and other indirect sensing methods became
igh-throughput phenotyping alternatives that enable evaluation
f large germplasm collections over multiple target environments
Fiorani and Schurr, 2013). Spectral reﬂectance indices (SRIs) are
alculated in the visible (VIS) and near infrared (NIR) ranges
 = 400–700 and  > 700 nm respectively). Three main categories
f traits can be estimated using these indices: (1) biomass, pig-
ent abundance, and area of photosynthetic canopy (Wiegand and
ichardson, 1990; Haboudane et al., 2004; Naumann et al., 2009;
eynolds et al., 2012); (2) water availability and plant hydration
tatus (Tucker and Sellers, 1986; Zarate-Valdez et al., 2012); and (3)
omposition of photo- and thermo-protectant molecules (Pen˜uelas
t al., 1995; Ollinger, 2011).
A combination of both visible and infrared spectra are used
o derive the vegetation indices of simple ratio (SR), normalized
ifference vegetation index (NDVI), and green normalized vege-
ation index (GNDVI) to discern minute differences in vegetative
reenness, rate of senescence, and stay green duration (Gitelson
t al., 1996; Stenberg et al., 2004; Babar et al., 2006; Edae et al.,
014; Lopez and Reynolds, 2012; Liu et al., 2015). The anthocyanin
eﬂectance index (ARI) is derived from wavelengths in both the
IS and NIR regions as a surrogate for anthocyanin composition
Gitelson et al., 2002). Photochemical reﬂectance index (PRI), nor-
alized chlorophyll-pigment ratio index (NCPI), and Xanthophyll
igment epoxidation state (XES) are derived from reﬂectance at
he VIS light range to estimate the composition and abundance
f plant pigments (Pen˜uelas et al., 1993; Pen˜uelas et al., 1995;
llinger, 2011), whereas normalized water index (NWI) is derived
rom reﬂectance at NIR range to estimate plant hydration status
Babar et al., 2006).
Characterizing the interrelations of SRIs, developmental traits,
nd yield with respect to target environments is crucial to facilitate
n integrated use of remotely-sensed and agronomic information in
daptation breeding (Edmeades et al., 1997; Farshadfar et al., 2013).
igorous investigations have been carried out to fully account for
he responses of SRIs in irrigated, warm, and low latitude spring
heat environments. Effects of environment and growth stages on
RIs were reported to be signiﬁcant (Aparicio et al., 2002; Babar
t al., 2006; Lopez and Reynolds, 2012). Aparicio et al. (2000)arch 196 (2016) 168–179 169
reported that association of SRIs with grain yield, biomass capacity,
and leaf area index (LAI) was  higher in rain-fed than irrigated con-
dition. These reports suggest the need to carefully determine which
growth stage and selection environment is most informative.
However, little or no previous assessment has been done on the
properties and potential use of canopy spectral reﬂectance in the
environments with a high latitude, cool to cold winter season, and
strong photoperiod requirement. The main goal of this research
was to evaluate various spectral reﬂectance indices associated with
grain yield under dry, moist-cool, and irrigated conditions in win-
ter wheat genotypes adapted to the PNW environment. Speciﬁc
objectives were: (i) to evaluate phenotypic associations of SRIs
with grain yield and morpho-physiological traits; (ii) to determine
the interaction of these traits with environmental variables and
developmental traits such as ear emergence, and (iii) to exam-
ine the trends of phenotypic associations across multiple growth
stages in the crop’s life cycle. Understanding the interrelationship
and drought-responses of these developmental traits, morpho-
physiological components, and agronomic performance will help
in combining the yield advantage of multiple attributes through
focused identiﬁcation and introgression of traits that have syner-
getic effects on yield.
2. Materials and methods
2.1. Study population
The study was conducted on two PNW winter wheat subpopu-
lations: hard winter (n = 87), and soft winter (n = 315). The winter
wheat germplasm in the region has been continuously subjected
to selection for yield, yield stability, end-use qualities, farming
preferences, and disease resistance (Barrett and Kidwell, 1998;
Chen, 2005; Schillinger and Papendick, 2008). Donaldson (1996)
indicated that wheat cultivars adapted to the region contain signif-
icant variations for emergence, early canopy establishment, root
growth and development, winter survival, osmotic adjustment,
optimum maturity, and plant architecture. Barret and Kidwell
(1998) attributed the broad and stratiﬁed genetic basis for these
agronomic traits to the breeding effort in region that has been in
place for more than a century. Similarly, the study population is
known to have a genetic stratiﬁcation that align with market class
and breeding history. In particular, population structure analysis
differentiated hard winter genotypes from club winter genotypes
with only a slight overlap (Naruoka et al., 2015).
Genotypes were selected from mapping populations, advanced
breeding lines, and cultivars from PNW breeding programs tar-
geted to Oregon, Washington, and Idaho. The hard red winter wheat
cultivar ‘Norwest 553’ (PI 655030) and the soft white winter cul-
tivar ‘Madsen’ (PI 511673) were included as local checks. Madsen
is known for its wide adaptation and disease resistance and has
been grown in the PNW for over 20 years, whereas Norwest 553
has high yield potential, good disease resistance, and was  the most
commonly grown hard red cultivar in the PNW when the trial was
initiated. Because both accessions have semi-dwarf plant height
and photoperiod sensitivity, the variation across years and loca-
tions is expected to have low effect on their performance making
them ideally suited to account for spatial variations within each
trial.
2.2. Experimental conditions and ﬁeld designThe study population was  grown in three moisture regimes
at the following Washington State University agronomy research
farms: Central Ferry (46◦ 4′ N; 117◦ 8′ W),  Pullman (46◦ 4′ N; 117◦
5′ W),  and Othello (46◦ 5′ N; 119◦ 2′ W)  (Table 1). Central Ferry has a
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Table 1
Geographical location, soil type, precipitation, and growing degree days of the three experimental sites.
Variable Central Ferry Pullman Othello
Geographic position (Lat, Long) 46.4; 117.8 46.4; 117.5 46.5; 119.2
Altitude  (masl) 206 717 323
Precipitation (mm)a 317 533 214
Growing degree days (GDD, ◦C)b 3408 2138 2774
Soil  type Chard silt loam Palouse silt loam Shano silt loam
Years of experiment Rain-fed 2012–2014 (3) 2012–2014 (3) 2013 (1)
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a Cumulative precipitation in the growing seasons in millimeters.
b Calculated for growing seasons of the study periods using 0 ◦C as base temperat
ell-drained and moderately permeable Chard silt loam soil with
ater holding capacity ranging from 220–280 mm.  Othello has a
ell-drained and moderately permeable Shano silt loam soil with
70–220 mm water holding capacity. The Palouse silt loam soil in
ullman is the most fertile and highly cultivated soil with deep
roﬁle, moderate permeability, and high water holding capacity.
lanting of winter wheat in the study area is usually between late
eptember and mid-October. The annual rainfall is highest in Pull-
an  followed by Central Ferry and Othello (Table 1). In Central
erry and Othello, the population was planted in two treatments, a
ain-fed planting representing the drought condition and irrigated
reatment representing the water optimum condition. In Pullman,
he population was planted only in a rain-fed condition represent-
ng the moist-cool condition. The irrigated trials were conducted
sing solid-set sprinkler systems for 4–8 h, one or two  times a week
epending on the weather. Overhead sprinkler irrigation system is
ecommended in the region to minimize runoff. This system deliv-
red approximately 600 mm of water over the growing season.
rrigation started on booting (Feekes 9), before the soil moisture
epletes and any sign of stress was detected, and continued until
he onset of physiological maturity.
In all trials, a modiﬁed augmented design (Federer and
aghavarao, 1975; Lin and Poushinsky, 1983) was  used with
6–20% of the plots assigned to the replicated local checks, Nor-
est 553 and Madsen. Planting was done using a Wintersteiger plot
eeder (Wintersteiger AG, Austria). The seeding rates were 5.4 g/m2
or drought and 10.8 g/m2 for both irrigated and moist-cool rain-
ed treatments in 4.65 m2 plots. Pre-plant seed treatment was  done
ith Sedaxane + Difenoconazole + Mefenoxam + Thiamethoxam
Cruisermaxx Vibrance®, EPA Reg. No. 100-1383, at 0.06% by
eight of the product; Syngenta Crop Protection, Greensboro
C) for healthy root growth. Fungicide (Quilt®, 140 g/ha) and
erbicides (HuskieTM—840 g/ha, Starene®—7m00 g/ha, and
owerFlex®—140 g/ha) were applied at Feekes stages 4–6 follow-
ng label instructions. This was done to eliminate the confounding
ffects of stripe rust resistance and herbaceous weeds on yield
otential.
.3. Measurement and calculation of traits
Heading date was recorded as the number of days from sow-
ng until full exposure of spikes in 50% of the plot. Plant height
PHT) was measured between the base of the plant stand and the
ip of fully emerged spike excluding awns. Peduncle extrusion (PE)
as measured as the portion of peduncle that emerged out of its
heath. Degree of ﬂag leaf greenness was visually scored on a 1–10
cale (1 = fully senesced and 10 = fully green) three times between
eading date and physiological maturity. Canopy reﬂectance was
easured using a handheld CROPSCAN multispectral radiometerCROPSCAN, Inc. Rochester, USA) installed with ﬁlters that selec-
ively measure incident and reﬂected radiation at 16 different
avelengths between 430 and 970 nm.  Three to ﬁve measure-
ents were taken per plot at one to two week intervals between2013 (1)
heading and late grain-ﬁll. While the up-welling sensor measures
the incoming radiation, the down-welling sensor positioned 40 cm
above the canopy measure the reﬂection from plant surface. All
reﬂectance measurement was done between 10 a.m. and 2 a.m.
avoiding shadow, cloud, and strong wind. A handheld infrared ther-
mometer (Sixth Sense LT300, Total Temperature Instrumentation,
Inc., Burlington, VT) was used to measure canopy temperature (CT)
during the grain ﬁll stages (Feekes 10–11). Plots were harvested
with a Wintersteiger NurseryMaster small plot combine (Winter-
steiger AG, Austria) after ripening (Feekes 11). Grain yield (t/ha)
was calculated from the grain weight per plot. Thousand kernel
weight (g) and test weight (kg/hl) were processed from sample
grain whereas grain number per spike (count) was obtained by
hand-threshing and counting grain numbers in ﬁve spikes sam-
pled from the plots. In 2014, spectral reﬂectance values were not
collected on all plot entries, and thus these data only represent 2012
and 2013 measurements.
Genotypic stay green (SG) was  calculated from multiple scores
of ﬂag leaf greenness as area under greenness curve by slightly
modifying the method to estimate the area under SPAD decline
curve (AUSDC) in Rosyara et al. (2007):
SG =
n−1

i=1
[
G(i) + G(i + 1)
2
]
∗ [D(i + 1) − D(i)]
where G(i) and G(i + 1) are consecutive scores of ﬂag leaf green-
ness, and D(i) and D(i + 1) are days after sowing for (Gi) and G(i + 1)
measurements, respectively.
Reﬂectance values were used to derive seven vegetation indices
that are presented in Table 2. Three different parameters derived
from NDVI have been previously reported to be effective estimators
of the degree of greenness (pigment abundance), rate of senes-
cence, and stay green duration: NDVI at speciﬁc growth stages
(Babar et al., 2006; Edae et al., 2014; Liu et al., 2015), slope of NDVI
over growth stages (Lopes and Reynolds, 2012), and arithmetic
mean of NDVI over growth stages (Babar et al., 2006). We  tested
these approaches along with two new parameters: area under veg-
etation index curve (AUVIC) modiﬁed from Rosyara et al. (2007)
and weighted mean, which uses the population mean of each mea-
surement as a weighting factor. We calculated these parameters
for all studied vegetation indices and tested their phenotypic asso-
ciations with grain yield. Stay green estimates based on ﬂag leaf
senescence were also compared with growth-speciﬁc reﬂectance
indices and the derived parameters.
2.4. Data analysis
Trait values were adjusted for spatial variation within each ﬁeld
experiment (called trial hereafter) using the MIXED procedure (SAS,
Cary, NC) which accounts for the ﬁxed effect of un-replicated geno-
types and random effect of blocks in a mixed linear model as
follows:
Yij =  + ij + bj + eij
S.A. Gizaw et al. / Field Crops Research 196 (2016) 168–179 171
Table  2
Vegetation indices evaluated as proxies for stay green, grain yield, and drought tolerance in Paciﬁc Northwest winter wheat.
Vegetation Index Formulab References
Normalized difference vegetation index (NDVI) (R800 − R680)/(R800 + R680) Rouse et al., 1973
Simple ratio (SR) R800/R680 Stenberg et al., 2004
Green-NDVI (GNDVI) (R780 − R550)/(R780 + R550) Gitelson et al., 1996
Photochemical reﬂectance index (PRI) (R530 − R570)/(R530 + R570) Pen˜uelas et al., 1993
Normalized chlorophyll pigment ratio index (NCPI) (R680 − R430)/(R680 + R430) Pen˜uelas et al., 1993
Anthocyanin reﬂectance index (ARI) R800(1/R550 − 1/R700) Gitelson et al., 2002
Normalized water band index (NWI)a (R900 − R970)/(R900 + R970) Babar et al., 2006
Xanthophyll pigment epoxidation state (XES) R531 Pen˜uelas et al., 1995
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(a The formula for NWI  is slightly modiﬁed so that it has similar dimension to hyd
b The letter “R” followed by three digit number stands for wavelength of respecti
here  is the overall trait mean, ij is the calculated estimator used
o adjust mean of genotype i within the block j, bj is the effect of
lock j, and eij is model residual calculated from replicated checks.
djusted trait value is obtained by adding  and ij.
Analysis of variance was performed using the following equa-
ion to determine if there was signiﬁcant effect of genotype,
nvironment (years, locations and moisture regimes), and geno-
ype × environment interaction on the traits:
ijkl =  + Ei+Bji + Gk + GEik + eijkl
here Yijkl is the measurement of genotype k on plot l in block j, and
rial i;  is the overall mean of all plots in all trials; Ei is the effect of
rial i; Bji is the effect of block j within trial i using replicated check;
k is the effect of genotype k; GEik is the interaction of genotype i
ith trial k; eijkl is the plot residual.
Stress intensity of each moisture regime was  calculated accord-
ng to Fischer and Maurer (1978):
I = 1 −
(
¯ i
¯ p
)
here
−
Yi is mean yield under stress and
−
Yp is mean yield under
ptimum condition. Cumulated growing degree days (GDD) was
alculated from the maximum day and night temperature using
◦C as baseline in a wheat thermal model (modiﬁed from Saiyed
t al., 2009).
The phenotypic correlation coefﬁcients (r) between the LS-
eans of spectral reﬂectance and grain yield were calculated
verall population and within narrow phenology groups (lower
5 percentile—early; 25–75 percentile—intermediate; and top 25
ercentile—late ear emergence) using multivariate CORR func-
ion (SAS, Cary, NC). Principal component analysis was performed
mong traits using genotypic trait values in order to infer pop-
lation differentiation, covariance among traits, and reduce the
umber of yield predictive variables.
. Results
.1. Environmental conditions and germplasm responses
Moisture deﬁcit in drought treatment started at booting stage
Feekes 9) and progressively increased through maturity. Pullman
eceived the highest precipitation and lowest temperature whereas
thello received lowest precipitation and intermediate temper-
ture and Central Ferry received intermediate precipitation and
ighest temperature (Fig. 1). The irrigated trials in Central Ferry
nd Othello differed in their maximum temperature as well as
espective accumulated growing degree days. The moisture and
emperature gradient observed in this study represent distinctive
rowing conditions with considerable yield differences. The pres-
nce of population stratiﬁcation had signiﬁcant effect on all traits
p < 0.05), the highest effect being on grain number per spike (38%). status.
ectance.
3.2. Response in grain yield and yield components
The highest yield was recorded in moist-cool rain-fed condi-
tion followed by irrigated and drought conditions, respectively
(Table 3). Stress intensity (SI) in the drought condition, calculated
as reduction of grain yield in reference to moist-cool treatment,
was 52% for hard winter and 55% for soft winter wheat. This result
suggests that drought intensity and yield response of winter wheat
germplasm was affected by the combination of high temperature
and soil moisture deﬁcit (Fig. 1). The two  classes of wheat (soft
and hard) responded similarly to the water treatments. The irri-
gated condition showed 36 and 30% SI in hard and soft winter
subpopulations, respectively. The yield variation across years and
locations was signiﬁcant in all treatments (p < 0.001, Fig. 2a). The
yield increase in response to irrigation was 15% in Central Ferry and
45% in Othello. A linear regression model indicated that differences
in water regime and temperature explained 77% (p < 0.001) of the
variation in yield with about 10% more yield variation attributed to
the interaction of available moisture and temperature (Fig. 2b).
Like grain yield, thousand kernel weight was lowest in drought,
intermediate in irrigated, and highest in moist-cool rain-fed condi-
tion. The moist-cool rain-fed condition showed highest test weight
and lowest grain number per spike. Irrigated and drought condi-
tions didn’t show consistent and statistically signiﬁcant difference
in grain number and test weight. The soft winter wheat subgroup
had higher grain number per spike compare to hard winter in all
environmental conditions. Thousand kernel weight and test weight
were signiﬁcantly higher in hard winter wheat under drought
condition, but didn’t show signiﬁcant difference between the sub-
groups under moist-cool rain-fed and irrigated conditions.
3.3. Response in phenology: heading date and stay green
Heading was  late in moist-cool rain-fed condition, intermediate
in irrigated, and early in drought conditions (Table 3). In refer-
ence to moist-cool condition, early ear emergence was observed
under drought (4.7–6.3%) and irrigation (3.0–4.2%). Heading date
and stay green showed a direct relationship, the highest degree
of stay green being obtained in late heading genotypes followed by
medium and early genotypes (Fig. 3). Difference in phenology poses
a confounding effect on hydration status and subsequently on the
relationship between yield and component traits. To minimize this
confounding effect, the study population was divided into early,
intermediate, and late phenology subgroups. Genotypes with head-
ing date lower than the 25 percentile cut off were grouped as early
phenology groups. Genotypes with heading date between 25 and
75 percentile were grouped as intermediate phenology; and geneo-
types with heading date above the 25 percentile were grouped as
late phenology groups.
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Fig. 1. Cumulative precipitation and temperature of the experimental sites in 2012–2013 growing season: Lowest temperature and highest precipitation was obtained in
Pullman; intermediate temperature and lowest precipitation in Othello; and highest temperature and intermediate precipitation in Central Ferry.
Table 3
Descriptive summary of grain yield, yield components, heading date, stay-green, and spectral reﬂectance indices in PNW winter wheat: Means and standard errors (SE) were
calculated from multiple trials within treatments.
Traita Hardb Soft
Drought Irrigated Moist cool RFc Drought Irrigated Moist cool RF
Mean SEd Mean SE Mean SE Mean SE Mean SE Mean SE
DTH 222.26c 0.208 226.52b 0.201 234.06a 0.323 225.46c 0.076 229.53b 0.118 236.04a 0.182
SG  0.87c 0.023 1.01b 0.028 1.10a 0.027 1.02c 0.015 1.16a 0.013 1.09b 0.017
Yield  3.61c 0.052 4.91b 0.100 7.42b 0.097 3.60c 0.028 5.68b 0.051 8.04a 0.047
GNS  36.32b 0.727 41.05a 0.675 31.29c 0.602 46.10a 0.444 44.74b 0.446 36.49c 0.341
TKW  32.83c 0.306 34.68b 0.334 35.73a 0.363 31.06c 0.176 34.63b 0.175 36.52a 0.240
TW  75.15b 0.166 73.51c 0.181 76.93a 0.141 73.48b 0.089 73.06b 0.090 76.09a 0.062
PHT  93.54c 0.975 112.33a 1.176 108.73b 1.242 81.66c 0.391 103.39a 0.399 95.13b 0.470
PE  13.24b 0.387 20.96a 0.576 21.20a 0.483 9.44c 0.163 18.74a 0.191 14.93b 0.173
CT  26.32a 0.115 23.11b 0.086 23.07b 0.088 24.58b 0.076 22.27c 0.129 28.33a 0.207
NDVI  0.66c 0.006 0.76a 0.012 0.75b 0.006 0.68c 0.003 0.81a 0.005 0.77b 0.003
SR  5.69c 0.075 7.72a 0.239 6.36b 0.085 6.19c 0.050 8.76a 0.117 6.81b 0.051
GNDVI 0.66c 0.004 0.70a 0.009 0.69b 0.004 0.67c 0.002 0.74a 0.004 0.71b 0.002
NWI  0.04c 0.001 0.08a 0.002 0.08a 0.001 0.05c 0.001 0.09a 0.001 0.08b 0.001
PRI  −0.11a 0.001 −0.11a 0.001 −0.12b 0.001 −0.10a 0.000 −0.10a 0.001 −0.11b 0.001
NCPI  0.46a 0.006 0.34c 0.015 0.39b 0.006 0.40a 0.003 0.31c 0.007 0.36b 0.002
ARI  0.89a 0.035 −0.33c 0.103 0.40b 0.038 0.62a 0.016 −0.58c 0.055 0.21b 0.018
XES  5.01a 0.023 4.94a,b 0.026 4.78b 0.028 4.94a 0.026 4.38b 0.028 4.38b 0.023
Different superscript across moisture regimes within the same market class shows statistically signiﬁcant difference (Alpha = 0.05).
a DTH days to heading (measured in days after sowing), NWI  normalized water index, PRI photochemical reﬂectance index, NCPI normalized chlorophyll-pigment ratio
index,  ARI anthocyanin reﬂectance index SG stay green, NDVI normalized difference vegetation index, SR simple ratio, XES xanthophyll pigment epoxidation state, Yield
measured in (t/ha), GNS grain number per spike, TKW thousand kernel weight (g), TW test weight (kg/hl), PHT plant height (cm), PE Peduncle extrusion (cm), CT canopy
temperature (◦C).
ubpop
an, W
3
cb Hard and soft groups represent the two market classes that delineate the two s
c Moist-cool rain-fed environment was  the high precipitation condition in Pullm
d SE was calculated from multiple trials within treatments..4. Responses in plant height and peduncle extrusion
Plant height was lowest in drought, intermediate in high pre-
ipitation, and highest in irrigated environments. The soft winterulations.
A.subgroup had signiﬁcantly lower mean plant height than the hard
winter subgroup. Peduncle extrusion showed the second highest
response to drought (40–50% reduction) next to yield reduction.
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Fig. 2. (a) Mean grain yield over trials (CF, OT and PU stands for Central Ferry, Othello and Pullman experimental sites, respectively; and the two digits stands for year of
experiment 2012 and 2013) and (b) model explaining grain yield (t/ha) by environmental variables (precipitation and thermal time).
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sig. 3. Mean stay green estimate based on ﬂag leaf senescence score in early,
edium, and late heading genotypes of hard winter subgroup in drought, irrigated,
nd high precipitation conditions.
.5. Response in reﬂectance indices and canopy temperature
Treatments showed signiﬁcant differences in growth-speciﬁc
RI measurements, their means, and rate of decline over growth
tages (Table 3). NDVI, SR, GNDVI, and NWI  were highest in irri-
ated condition, intermediate in moist cool rain-fed, and lowest in
rought condition (Table 3). Conversely, NCPI and ARI were low-
st in irrigated condition, intermediate in moist-cool rain-fed, and
ighest in drought condition. There was no signiﬁcant difference in
ean PRI between treatments. The overall rate of NDVI decline was
ighest in drought, intermediate in moist-cool rain-fed, and low-
st in irrigated condition. NDVI decline between heading and early
rain ﬁll was lowest in moist-cool rain-fed followed by irrigated
nd drought (Fig. 4). Canopy temperature in rain-fed condition was
igher than irrigated conditions. The CT measurement under moist-
ool rain-fed condition in soft winter wheat was  excluded from
nalysis for its inconsistency..6. Phenotypic association between grain yield and various traits
Grain yield showed positive correlation with grain number per
pike in hard winter wheat and with thousand kernel weight inFig. 4. Trend of NDVI decline over growth stages in PNW winter wheat population
under drought, irrigated, and moist-cool rain-fed conditions.
soft winter consistently across moisture regimes (Table 4). In soft
winter wheat, grain number per spike and thousand kernel weight
were negatively correlated under all environments whereas in hard
winter, the negative correlation was statistically signiﬁcant only in
the irrigated condition.
The correlation between grain yield and days to heading under
drought condition was not statistically signiﬁcant in both subpopu-
lations. In the hard winter subgroup, grain yield and days to heading
were positively correlated under irrigated and moist-cool rain-fed
conditions, whereas in soft winter subgroup slightly negative cor-
relation was  obtained under irrigated condition (Table 4). In soft
winter wheat, thousand kernel weight was  negatively correlated
with days to heading in both subpopulations and across mois-
ture regimes even though the association in hard winter wheat
was weak and statistically insigniﬁcant under drought condition
(r = 0.13; p = 0.26).
Negative correlation between grain yield and plant height was
obtained in hard winter wheat under all moisture conditions
whereas in soft winter wheat, these two  traits showed positive cor-
relation under drought, negative under irrigation, and statistically
insigniﬁcant under moist-cool rain-fed condition. Peduncle extru-
sion and grain yield were positively correlated under drought and
moist cool rain-fed conditions in soft winter whereas the two traits
didn’t show signiﬁcant association in hard winter wheat.Yield was positively correlated with NDVI, SR, GNDVI, and
PRI, and negatively correlated with NCPI, ARI, and XES (p < 0.001)
(Table 5). Generally, reﬂectance indices taken at mid-grain-ﬁll stage
showed stronger correlation with grain yield as compared to other
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Table 4
Phenotypic correlations of developmental traits and yield components in Paciﬁc Northwest winter wheat under drought, irrigated, and moist-cool rain-fed environments
(association in soft winter is presented in upper diagonal and the association in hard winter wheat is presented in lower diagonal).
Variablea TRTb GY GNS TKW TW DTH PHT PE CT
Rc Sig.d r Sig. r Sig. r Sig. r Sig. r Sig. r Sig. r Sig.
GY I 0.10 0.08 0.20 *** 0.24 **** −0.08 ns 0.34 **** 0.33 **** −0.15 *
II  −0.03 ns 0.21 **** 0.11 0.07 −0.14 −0.19 ** −0.02 ns −0.09 ns
III  0.08 ns 0.26 *** −0.12 * 0.09 ns 0.08 ns 0.21 *** −0.24 ****
GNS  I 0.28 * −0.38 **** −0.39 **** 0.16 ** −0.10 ns −0.19 *** 0.16 **
II  0.36 ** −0.19 ** −0.36 **** 0.18 ** 0.00 ns −0.17 ** −0.05 ns
III  0.23 0.06 −0.22 *** −0.25 **** 0.08 ns −0.12 * −0.21 *** 0.22 ***
TKW  I 0.16 ns 0.07 ns 0.34 **** −0.23 **** 0.17 ** 0.15 * −0.21 ***
II  0.02 ns −0.31 ** 0.14 * −0.28 **** −0.08 ns −0.04 ns 0.05 ns
III  0.02 ns −0.03 ns 0.25 **** −0.15 ** 0.03 ns 0.09 ns 0.01 ns
TW  I −0.02 ns 0.15 ns −0.07 ns −0.07 ns 0.33 **** 0.24 **** −0.11 0.06
II  −0.01 ns −0.26 * 0.04 *** −0.26 **** 0.14 * 0.05 ns −0.05 ns
III  −0.14 ns −0.09 ns 0.11 *** −0.20 *** 0.19 ** 0.11 0.07 −0.13 *
DTH  I −0.05 ns −0.08 ns −0.13 *** −0.41 *** 0.14 * −0.10 0.07 0.08 ns
II  0.23 8 0.18 ns −0.23 * −0.20 0.07 0.34 **** 0.01 ns −0.10 ns
III  0.35 ** 0.15 ns −0.36 ** −0.43 *** 0.31 **** 0.22 *** −0.04 ns
PHT  I −0.21 0.07 −0.04 ns −0.04 ns 0.02 ns 0.02 ns 0.32 **** −0.20 ***
II  −0.28 ** 0.07 ns −0.20 0.07 0.15 ns −0.04 ns 0.33 **** −0.18 **
III  −0.32 ** 0.17 ns −0.19 ns −0.16 ns 0.07 ns 0.47 **** −0.38 ****
PE  I 0.09 ns 0.03 ns −0.05 ns 0.08 ns −0.11 ns 0.47 **** −0.19 **
II  0.08 ns 0.01 ns −0.12 ns 0.22 * 0.07 ns 0.11 ns −0.06 ns
III  −0.15 ns 0.29 * −0.25 * −0.19 ns 0.23 0.06 0.71 **** −0.21 ***
CT  I −0.05 ns 0.01 ns −0.35 ** −0.03 ns 0.03 ns −0.35 ** −0.24 * −0.05
II  −0.22 * −0.04 ns −0.08 ns −0.03 ns −0.03 ns 0.17 ns −0.08 ns −0.22
III  −0.03 ns −0.14 ns −0.06 ns 0.07 ns −0.06 ns 0.09 ns −0.13 ns −0.03
a GY Grain yield, GNS Grain number per spike, TKW thousand kernel weight, TW test weight, DTH days to heading, PHT plant height, PE peduncle extrusion, CT canopy
temperature.
b Treatments representing drought (I) irrigated (II), and moist cool rain-fed (III) conditions.
c r Correlation coefﬁcient.
d Statistical signiﬁcance as indicated by p-value ns nonsigniﬁcant: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Non-signiﬁcant associations close to the 0.05 thresholds
are  indicated as actual p value.
Table 5
Phenotypic correlation of grain yield with mean vegetation indices derived from multiple measurements across growth stages in Paciﬁc Northwest winter wheat.
Subgroup Traita Drought Irrigated Moist-cool rain-fed
Earlyb Medium Late Early Medium Late Early Medium Late
Hard winter wheat NDVI 0.51c 0.62 0.45 0.70 0.48 0.62 0.73 0.67 0.66
SR  0.60 0.61 0.47 0.82 0.62 0.70 0.84 0.77 0.77
GNDVI 0.50 0.55 0.40 0.81 0.65 0.73 0.77 0.69 0.71
NWI  0.69 0.78 0.66 0.72 0.53 0.63 0.82 0.76 0.69
PRI  0.38 0.45 0.27 0.74 0.52 0.48 0.66 0.63 0.52
NCPI  −0.52 −0.73 −0.61 −0.71 −0.46 −0.53 −0.75 −0.70 −0.68
ARI  −0.59 −0.70 −0.69 −0.71 −0.46 −0.51 −0.82 −0.79 −0.74
XES  −0.59 −0.13 −0.25 −0.67 −0.41 −0.75 −0.61 −0.46 −0.66
Soft  winter wheat NDVI 0.65 0.68 0.68 0.49 0.51 0.35 0.54 0.37 0.41
SR  0.64 0.60 0.65 0.51 0.54 0.31 0.66 0.51 0.50
GNDVI 0.65 0.68 0.68 0.50 0.62 0.21 0.56 0.41 0.50
NWI  0.76 0.75 0.70 0.63 0.67 0.46 0.68 0.59 0.39
PRI  0.24 0.20 0.43 0.33 0.21 0.23 0.27 0.30 0.26
NCPI  −0.59 −0.55 −0.60 −0.50 −0.38 −0.33 −0.54 −0.46 −0.38
ARI  −0.65 −0.57 −0.66 −0.48 −0.44 −0.31 −0.68 −0.59 −0.51
XES  −0.35 −0.41 −0.40 −0.33 −0.33 −0.26 −0.47 −0.35 −0.29
a NDVI normalized difference vegetation index, NWI  normalized water index, PRI photochemical reﬂectance index, NCPI normalized chlorophyll-pigment ratio index, ARI
a ent e
eadin
g
s
a
g
n
snthocyanin reﬂectance index, SG stay green, SR simple ratio, XES xanthophyll pigm
b Early, medium, and late represents phenology groups based on the respective h
c All correlations were signiﬁcant at p = 0.01.
rowth stages (Table 6). However, the growth stage speciﬁc mea-
urements and their slope over growth stage were less consistent
mong trials (Table 6).Grain yield showed consistently positive correlation with stay
reen across moisture categories (S. Fig. 1). The correlations of grain
umber per spike and thousand kernel weight with NWI  were
tatistically signiﬁcant and consistent across moisture regimespoxidation state.
g date.
(p < 0.05) whereas the associations with other indices were either
population or environment dependent (data not shown). Canopy
temperature showed negative correlations with grain yield and
thousand kernel weight that were statistically signiﬁcant at least
in one moisture regime (p < 0.05). Canopy temperature was also
signiﬁcantly associated with plant height (Table 4) and various veg-
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Table  6
Phenotypic correlation of grain yield with growth stage-speciﬁc NDVI measurements and parameters derived from multiple measurements.
Subgroupa Parameterb Trialsc
I II III IV V VI  VII
Hard AUVIC 0.65 0.42 0.48 0.50 0.69 0.50 0.57
Slope  0.06 0.48 0.43 0.38 0.66 0.49 0.25
Mean  0.66 0.50 0.50 0.45 0.67 0.70 0.55
Heading 0.55 0.39 0.13 0.22 0.11 0.47 0.30
Early  GF 0.67 0.44 0.54 0.52 0.09 0.69 0.46
Mid  GF 0.60 0.52 0.47 0.50 0.73 0.70 0.58
Late  GF 0.41 0.47 0.40 0.35 0.62 0.68 0.37
Soft  AUVIC 0.71 0.64 0.36 0.28 0.64 0.65 0.50
Slope  0.31 0.47 0.25 0.10 0.53 0.66 0.30
Mean 0.72 0.50 0.37 0.28 0.64 0.67 0.50
Heading 0.56 0.02 0.10 0.33 0.56 0.41 0.29
Early  GF 0.58 0.49 0.42 0.32 0.39 0.64 0.47
Mid  GF 0.71 0.54 0.43 0.29 0.63 0.64 0.45
Late  GF 0.55 0.42 0.11 0.06 0.56 0.67 0.43
a Hard and soft market classes were considered as population subgroups.
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rain-fed), VII Othello 2013 (irrigated).
tation indices at least in drought and irrigated conditions (data not
hown).
Overall, higher yield was associated with higher NDVI at grain-
ll stages (Feekes 10–Feekes 11) (S. Fig. 3) and a low rate of NDVI
ecline over growth stages (Fig. 5). Correlation coefﬁcients were
trong and consistent across environments and subgroups when
he average of SRI was used. Genotypes that have low yield in
ain-fed conditions exhibited the lowest mean NDVI and sharpest
ecline over growth stages. The moist cool rain-fed condition had
ower mean NDVI than that of irrigated condition at all stages
xcept at the early grain-ﬁll (Fig. 5). Despite this lower NDVI, high-
st yield was  scored in the moist cool rain-fed condition due to
he longer vegetative period (pre-heading) and delayed onset of
hysiological maturity.
Similar to the stay green character, growth stage-speciﬁc
eﬂectance indices and their derived parameters were strongly cor-
elated with heading date. In general, ARI, and NCPI were higher in
arly genotypes followed by intermediate and late. GNDVI, NDVI,
WI, PRI, and SR were generally higher in late heading genotypes
ollowed by medium and early heading groups with the exception
hat NWI  under drought and PRI under irrigation didn’t show sig-
iﬁcant differences among early, intermediate, and late heading
enotypes.
The stay green estimate calculated from ﬂag leaf senescence
as moderately correlated with canopy level stay green. The cor-
elation of stay green with AUVIC ranged from 0.41 to 0.73 in the
verall population and from 0.26 to 0.76 within phenology-based
ubgroups. Among the growth stage-speciﬁc NDVI measurements,
he highest correlation was obtained either in the mid  or late grain
ll stage (r = 0.58 to 0.78; p < 0.001). The association was statistically
igniﬁcant and independent to the time of transitioning between
egetative and reproductive phases (S. Fig. 3).
.7. Principal component analysis of traits
The principal component analysis based on covariance of
gronomic and remotely sensed traits revealed a remarkable dif-
erentiation of the Paciﬁc Northwest winter wheat that align with
he soft and hard winter wheat market classes (Fig. 6). The soft
hite and club white subgroups showed high degree of overlap inhis analysis. The ﬁrst three principal components explained 76% of
rait covariance across trials, two of which accounted for the 53%.
he three components cumulatively explained 75%, 89%, and 84%
f covariance among traits under drought, irrigated, and moist coolowth.
(irrigated), IV Pullman 2012 (rain-fed), V Pullman 2013 (rain-fed), VI Othello 2013
rain-fed conditions, respectively. In all conditions, ARI, NCPI, and
CT were positioned in close proximity with each other and distant
from the other traits including yield (Fig. 6), which is in agreement
with the negative association obtained through correlation anal-
ysis (Table 5). The traits that were differentiated across the ﬁrst
dimension of PCA are presumed to be informative for comparative
assessment of genotypes across the subgroups that were slightly
differentiated in the second dimension. However, this has to be
further investigated to determine the relevant dimensions that can
be translated to indication of agronomic performance.
Likewise, the positions of GNDVI, NDVI, NDVI, NWI, PRI, and
SR were mostly within a 90◦ radius relative to yield indicating the
positive phenotypic association. Similar evaluation of the relative
distance among indices suggests that ARI, NCPI, PRI, and NDVI have
moderate co-linearity among one another and show better repre-
sentation of the principal components. On the other hand, GNDVI
and SR were positioned in close proximity with NDVI and NWI,
respectively, indicating stronger co-linearity and possible redun-
dancy of information.
4. Discussion
The highest yield recorded in moist cool rain-fed condition is
consistent with the historical yield average of the site and is mainly
attributed to its cool-moist growing condition. In contrast, the
drought stress observed in this study (Fig. 1) is a typical pattern in
PNW semiarid areas that starts with low soil water budget during
planting and progressively worsens through grain ﬁll (Donaldson,
1996). Othello and Central Ferry experience warmer summers that
exacerbate the drought stress. Even when optimum soil moisture
was maintained through irrigation, the heat stress was  sufﬁcient
to trigger early senescence in most of the PNW winter wheat. The
model that accounts for both temperature and soil moisture clearly
showed that the drought stress was a combined effect of moisture
deﬁcit and high temperature which is a typical drought scenario in
the region (Miles et al., 2010).
The higher yield response to irrigation in Othello than in Cen-
tral Ferry was  due to the relatively high temperature that sped up
the onset of senescence and shortened the grain-ﬁll duration in
the Central Ferry. The extended pre-ﬂowering growth and biomass
accumulation should be balanced with post-ﬂowering assimi-
late use to maximize yield gain from irrigation (Reynolds et al.,
2001). The phenological events between planting and physiological
maturity are highly modulated by genes controlling vernalization
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dig. 5. Growth stage-speciﬁc measurements of NDVI and its decline curve over grow
or  each NDVI measurement. The trend of each line shows the change in mean NDV
equirement (Vrn) and photoperiod sensitivity (Ppd) which deter-
ine the stem elongation, ﬂowering, and onset of senescence (Chen
t al., 2010). Prior information indicates that PNW winter wheat is
redominantly photoperiod sensitive, meaning the accessions do
ot transition to reproductive phase before fulﬁlling the photope-
iod requirement (Santra et al., 2009). As a result, only a few lines
f the PNW accessions were observed to exhibit early transition
o reproductive phase and physiological maturity. On the contrary,
ines that have genetic relatedness to the Midwest breeding lines
uch as Jagger (PI 593688) and Karl (PI 564245) showed substantial
egree of earliness. Some of the allelic variations in vernaliza-
ion and photoperiod responsiveness genes reportedly have stress
daptive applications. Such variants have been used to develop
arly maturing winter wheat varieties that are designed to escape
evere terminal drought and heat stress. We  observed a strong cor-
elation between the time to heading and physiological maturity. As
 result, most of the early varieties had low biomass accumulation
ompared to the late genotypes as inferred from NDVI measure-
ents (Fig. 4).
In our study, the variation in ear emergence between treat-ents was mainly in response to temperature differences. Early
ar emergence as a result of moisture deﬁcit was less than 2% when
ompared to the irrigated conditions in the same temperature con-
ition. Such minimal drought response in phenology is expectedges. The Y-axis shows the mean NDVI value and the X-axis shows the growth stage
ss growth stages.
when water deﬁcit occurs after the onset of the reproductive stage.
In support to this claim, the water stress in this experiment started
at booting stage and progressively increased afterwards. Addition-
ally, the soil water budget may  have delayed the onset of drought
response until after heading. This ﬁnding also suggests that grain
yield is highly determined by those traits that are expressed during
the grain ﬁll stage.
4.1. Phenotypic association among agronomic traits
Early heading and completion of lifecycle before the onset of
terminal heat and drought stress is perceived as a yield-positive
adaptive mechanism. Such adaptive mechanisms are commonly
used in Midwest through cultivars like Jagger and Karl to avoid
terminal heat stress. However, we didn’t observe a yield advan-
tage of early heading and early physiological maturity in our study.
Early maturity doesn’t have overall yield advantage in environ-
ments where soil moisture deﬁcit occur post-ﬂowering and annual
rain fall ﬂuctuates between years (Foulkes et al., 2007). Early transi-
tioning to reproductive stage followed by early onset of senescence
has apparent yield advantage in years of sever terminal drought.
This positive association was evident in 2013 and 2014 growing
seasons when drought and high temperature started post ﬂowering
and progressed thereafter. However, early transitioning to repro-
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Fig. 6. The ﬁrst two principal components of genetic covariance among major market classes (left) and agronomic and physiological traits (right) in Paciﬁc Northwest
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anopy  temperature, NDVI Normalized difference vegetation index, SR simple rati
hlorophyll-pigment ratio index, ARI Anthocyanin reﬂectance index, XES Xanthoph
uctive stage in response to combined effect of high temperature
nd water deﬁcit would not have yield advantage when remnant
oil moisture is left unused as evident in 2012 trial. These contrast-
ng effects might have compensated with each other resulting a
eutral effect of earliness during the study period.
The long vegetative period (late heading) observed under irriga-
ion didn’t increase yield (Table 4), suggesting that the accumulated
ssimilates during long pre-ﬂowering period were not completely
tilized during the short grain ﬁll duration (Understande and
hristiansen, 1986; Slafer and Rawson, 1994; Wheeler et al., 1996).
dditionally, lack of standard plant stature in some accessions led
o continuous increases in height and very late transition to repro-
uctive phase, reducing overall efﬁciency of assimilate partitioning
Marri et al., 2005). On the other hand, the positive association
etween heading date and grain yield observed in moist cool rain-
ed condition resulted from the lower temperature and optimum
oil moisture which extended the physiologically active period for
ssimilate synthesis, reserve, and relocation for normal grain devel-
pment (Lopes and Reynolds, 2012). As a result, genetic variation
n this trait could be utilized to improve yield in environments
hat have moderate thermal time and remnant soil moisture as the
lants are close to maturity.
The traits that showed consistent association with grain yield
cross environments may  be the most desired traits to stabilize
ield in the changing environment. Thousand kernel weight, grain
umber per spike, and stay green fall in this category and will
llow further yield improvement in wide range of environment.
he compensatory interaction of grain number and grain weight
as highlighted by the negative correlation of these traits in all
oisture regimes. This relationship is attributed to insufﬁcient rate
nd duration of grain ﬁll as discussed in Duguid and Brule-Babel
1994). Due to this compensation effect, breeders often improve
rain yield either through improving grain weight or grain number
er plant. Such differential selection history may  have caused the
emarkable differentiation between soft and hard market classes of
NW winter wheat in the degree of phenotypic association between
housand kernel weight, grain number per spike, and grain yield.
n the other hand, the environment speciﬁc associations of grainuncle extrusion, GY grain yield, TW test weight, TKW thousand kernel weight, CT
I  Normalized water index, PRI Photochemical reﬂectance index, NCPI Normalized
ment epoxidation state.
yield with canopy temperature, plant height, and days to heading
indicate the possibility of improving local productivity by selecting
alternative variants of these traits.
Positive association between yield and the stay green char-
acter was found in all studied conditions. Unlike phenology and
plant stature, stay green is the genotypic ability to maintain hydra-
tion status and system integrity and to sustain photosynthesis and
assimilate relocation (Thomas and Smart, 1993; Christopher et al.,
2008). This result suggests that variation can be utilized to co-
improve both yield potential and drought tolerance in PNW winter
wheat. Genotypic stay green characteristics could be attributed to
various morpho-physiological traits such as root access to deep soil
moisture, efﬁcient transpiration system, and plant architecture that
were introgressed in due course of the regional breeding effort.
Genotypes that have higher stay green in this study can be further
evaluated if they possess distinctive composition of these alter-
native traits and explore the possibility of accumulating them to
further increase agronomic performance.
4.2. Relationship between reﬂectance indices and grain yield
In general, SRIs measured at mid-grain-ﬁll were more strongly
associated with yield than at other growth stages. Previous reports
have suggested that this stage is more informative because geno-
typic variations in leaf area index and subsequently in SRIs are low
during heading and early vegetative stages (Babar et al., 2006). In
addition, early measurements are also confounded by saturation
problems of some indices (unable to discern genotypes for sub-
tle differences) near their peak value (Jiang and Huete, 2010). The
correlations across environments and subgroups were less consis-
tent for growth stage speciﬁc measurements as compared to the
parameters derived from multiple growth stages (Table 6).
The correlation coefﬁcients of grain yield with NDVI measured at
heading, early grain ﬁll, and late grain ﬁll were not signiﬁcant in at
least one trial. On the other hand, the correlation of grain yield with
AUVIC, weighted mean, and arithmetic mean were comparable to
the highest correlations of growth stage speciﬁc measurements.
As a result, selection of high yielding genotypes at the grain ﬁll
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tage seems more efﬁcient. However, the environmental variation
n multi-location and multi-year phenotyping may  cause higher
enotype-by-environment interaction on single compared to mul-
iple measurements (Babar et al., 2006). In such cases, multiple
easurements across growth stages may  be preferred to capture
he response of various physiological attributes that cumulatively
ffect yield.
.3. Relationship between stay green and vegetation indices
The relationship between spectral reﬂectance and stay green
an be further utilized to develop a throughput phenotyping alter-
ative for the stay green trait. Stay green in wheat is not just a delay
n leaf senescence, but also a slowly progressing loss of greenness
n the peduncle and spike (Reynolds et al., 2009). As a result, the
anopy level spectral reﬂectance provides a more inclusive esti-
ate of stay green.
.4. Multi co-linearity of traits and dimension reduction
As a major limitation at least from a statistical point of view,
pectral reﬂectance indices exhibit substantial multi co-linearity
mong themselves. This is because most indices are derived from
ither infrared, visible, or both light spectra which plants exhibit
imilar absorption and reﬂectance behavior. The clustering of NDVI,
R, GNDVI, and PRI in one dimension of component analysis was
f their physiological connection to vegetative growth, biomass,
nd pigment composition. As demonstrated in this study, analysis
f genotypic covariance for different indices can be effectively used
o reduce information redundancy by identifying distinctive indices
hat represent different physiological attributes. This analysis will
elp in developing a reduced-dimension predictive model for grain
ield. The observation that some indices were found to be distinc-
ive from each other validates previous reports that these indices
epresent different physiological attributes of yield and yield sta-
ility: NDVI with biomass, pigment abundance, and stay green;
CPI with photosynthetic efﬁciency in stressed condition, compo-
ition of stress related pigments; NWI  for and plant hydration status
Babar et al., 2006; Reynolds et al., 2012).
. Conclusions
Drought intensity in eastern Washington and yield response
f the locally adapted winter wheat germplasm was affected by
he combination of higher growing degree days and soil moisture
eﬁcit. Therefore, it is important to consider both growing degree
ays and available moisture to characterize yield and yield stabil-
ty. The study also highlighted the importance of characterizing
rought responses and phenotypic association of yield determining
raits to fully understand the mechanisms of drought tolerance. The
ariation in phenology among treatments was mainly in response
o temperature variation between the sites. Because the effect
f earliness per se on yield can be neutral, positive, or negative
epending on the timing and intensity of the stress, breeders usu-
lly standardize their genetic materials with desired phenology
hat maximizes the cultivar’s performance in target environments.
he moderate to high statistical power of SRI-based models to
redict yield in all conditions shows an impending solution to over-
ome phenotyping bottleneck and characterize larger germplasm
ollections. Positive associations between yield and SRI-based esti-
ates of stay green were found in all conditions making this trait
ne of the promising physiological traits that can be utilized to
o-improve both yield potential and drought tolerance. In general,
he proxy measurements will be useful to further improve yield
otential and yield stability by facilitating selection for yield pos-arch 196 (2016) 168–179
itive traits such as stay green, above ground biomass, and plant
hydration status.
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